Fine tuning of the biaryl and amino moieties of Feringa's phosphoramidite ligands yields structurally simpler, yet more efficient and selective, ligands for asymmetric hydrovinylation of vinylarenes and acylic 1,3-dienes. The enantioselectivities and yields observed in the formation of the 3-arylbutenes are among the highest for all asymmetric catalytic processes reported to date for the synthesis of intermediates for the widely used antiinflammatory 2-arylpropionic acids including naproxen, ibuprofen, fenoprofen, and flurbiprofen.
The asymmetric hydrovinylation (HV) of an alkene, viz., addition of ethylene as a vinyl group and a hydrogen across a double bond with concomitant generation of an asymmetric center, is one of the oldest asymmetric carbon-carbon bondforming reactions. 1 Since ethylene is a cheap, abundantly available feedstock carbon source, and the resulting vinyl group in the product readily transformed into a variety of other common functional groups, this reaction has huge potential as a scalable, environmentally benign method for the preparation of valuable chemical intermediates.
Recently, several protocols for the reaction have been described in which nearly quantitative yields of the desired products can be obtained using only catalytic amounts of metal complexes, most notably those of nickel (eq 1).
2 Yet, practical levels of enantioselectivity (i.e., enantiomeric excess >95%) have been achieved only for limited substrates, often at the cost of incomplete conversions, isomerization of the primary products, and attendant oligomerization of the starting alkenes.
Conspicuously absent among the more successful substrates are Ar-substituted vinylarenes, best exemplified 3 by
(1) (a) Bogdanović, H. B.; Meister, B.; Pauling, H. Angew. Chem., Int. Ed. Engl. 1972 , 11, 1023 For a recent review, see: RajanBabu, T. V. Chem. ReV. 2003 ReV. , 103, 2845 (2) Ni: (a) Nomura, N.; Jin, J.; Park, H.; RajanBabu, T. V. J. Am. Chem. Soc. 1998, 120, 459. (b) 4-isobutylstyrene (current best: ∼95% yield, 91% ee) and 6-methoxy-2-vinylnaphthalene (73% yield; 86% ee), potential precursors of antiinflammatory 2-arylpropionic acids, (S)-ibuprofen and (S)-naproxen, the latter a hugely successful commercial drug (Aleve) currently produced by classical resolution. 4 Since binaphthol-derived phosphoramidites 5 were introduced for asymmetric HV of vinylarenes, 6a under our originally reported conditions, 2a these ligands have been used with varying degree of success for HV of a variety of substrates including norbornene, 6b 1,3-dienes, 6c and 1-substituted styrenes.
6d,e Asymmetric HV of similar substrates is the starting point for several total synthesis efforts (e.g., pseudopterosins and related compounds (see eq 1)) in our group; therefore, we decided to explore the scope of ligand tuning in this highly versatile, modular ligand system, and the results are reported in this paper. Ligands L 1 -L 10 ( Figure  1 ), readily prepared 7,8 from the corresponding bisphenols, PCl 3 , and various chiral amines, were used for this study.
The feasibility of ligand control in the hydrovinylation was initially investigated using p-methoxystyrene, an electron-rich model substrate that consistently had given one of the poorest reactions (80% yield, 73% ee) among vinylarenes tested previously. We started these investigations using a modified protocol (eq 1, R ) 4-OMe) that had originally been developed for the generation of all-carbon quaternary centers. 6d The results are tabulated in Table 1 . A sample of the racemic compound was prepared in a reaction of p-methoxystyrene with ethylene (1 atm) in the presence of a catalytic amount of [(allyl)NiBr] 2 , a racemic ligand (a 1:1 mixture of L 1 and L 2 ), and sodium tetrakis- [(3,5-trifluoromethyl) Among the ligands examined, in addition to the original Feringa ligand L 3 , two others stand out. 8 The ligand L 1 (or its enantiomer L 2 ), which has only a lowly biphenyl backbone instead of a chiral binaphthyl unit and is significantly cheaper, still yields similar selectivities and conversions (entries 2 and 3). The ligand L 10 , in which the (S)-N-R-methylbenzyl groups are replaced with achiral benzyl and chiral (S)-R-methyl-1-naphthyl groups, is by far the best ligand for this exacting reaction, 9 yielding nearly quantitative yield and selectivity (entry 17). Surprisingly, ligands prepared from achiral dibenzylamine and enantiopure 2,2′-binaphthol (not shown) gave no conversion. 8 Hydrovinylation of other vinylarenes, 1-alkylvinylarenes, and an open-chain diene was attempted under optimal conditions, and the results are shown in Table 2 . The enantioselectivities obtained for the precursors 4-7 for enantiopure arylpropionic acids ibuprofen, naproxen flurbiprofen, and fenoprofen (entries 2-5) represent the highest oVerall selectiVity obtained to date for any Viable intermediates for these important compounds. 10 In one case where we have further optimized the reaction, the hydrovinylation of 4-i-butylstyrene can be accomplished with 0.00014 equiv of catalyst (substrate/catalyst ratio ) 7142) in 4.67 h at 0°C. For the biphenyl-derived ligands L 1 and L 2 , the configuration of the amine determines the sense of asymmetric induction. With the S-chiral moiety in the amine portion of the ligand, the product configuration in all cases is also S. As seen in entries 1-5, the lack of axial chirality in the ligand leads to little erosion of ee, suggesting that for simple substrates a more elaborate (and expensive) binaphthol-based phosphoramidite is not necessary to achieve high stereoselectivity. In all cases examined, L 10 yielded the best results in terms of overall yield and selectivity.
Although for the vinylarenes, including 1-alkylstyrenes (entries 7 and 8), which yield all-carbon quaternary centers in the product, less rigid catalytic complexes from biphenols are adequate, for more challenging substrates such as an acyclic 1,3-diene, 11 a binaphthyl backbone is essential for high selectivities (entry 6). Previous attempts to effect asymmetric hydrovinylation of acylic 1,3-dienes resulted in less than 5% ee. 6c,12 Although 1-methylenetetralin undergoes hydrovinylation easily to afford 8 in excellent ee, the substrate underwent significant isomerization (∼30%) of the starting material to 1-methyl-3,4-dihydronaphthalene, which is a major distraction from this otherwise useful reaction.
Expansion of the scope of this reaction to heteroaromatic compounds, cyclic vinylarenes, and acyclic dienes and applications of these reactions in natural product synthesis will be reported in due course. 
